Sialyl Lewis x (sLe x ) and sialyl Lewis a (sLe a ) glycans are expressed on highly metastatic colon cancer cells. They promote extravasation of cancer cells and tumor angiogenesis via interacting with E-selectin on endothelial cells. Recently, epithelial-mesenchymal transition (EMT) has been noted as a critical phenotypic alteration in metastatic cancer cells. To address the association between sLe x/a expression and EMT, we assessed whether sLe x/a are highly expressed on colon cancer cells undergoing EMT. Treatment of HT29 and DLD-1 cells with EGF and/or basic FGF (bFGF) induced EMT and significantly increased sLe x/a expression resulting in enhanced E-selectin binding activity. The transcript levels of the glycosyltransferase genes ST3GAL1/3/4 and FUT3 were significantly elevated and that of FUT2 was significantly suppressed by the treatment. We provide evidence that ST3GAL1/3/4 and FUT3 are transcriptionally up-regulated by c-Myc with probable involvement of Ser62 phosphorylation, and that FUT2 is transcriptionally down-regulated through the attenuation of CDX2. The contribution of c-Myc and CDX2 to the sLe x/a induction was proved to be significant by knockdown or forced expression experiments. Interestingly, the cells undergoing EMT exhibited significantly increased VEGF secretion, which can promote tumor angiogenesis in cooperation with sLe x/a . Finally, immunohistological study indicated high E-selectin ligand expression on cancer cells undergoing EMT in vivo, supporting their coexistence observed in vitro. These results suggest a significant link between sLe x/a expression and EMT in colon cancer cells and a pivotal role of c-Myc and CDX2 in regulating sLe x/a expression during EMT.
C olon cancer is one of the most prevalent cancers worldwide, with more than 1,200,000 new cases and over 600,000 deaths estimated to have occurred in 2008 (1) . Although early detection, increased awareness, and developments in treatment have increased complete cure rates especially in some advanced countries, distant metastasis is still a critical event that makes colon cancer a lethal disease. Therefore, novel therapeutic approaches to inhibit metastasis are required.
Sialyl Lewis x (sLe x ) and sialyl Lewis a (sLe a ) are E-selectin ligand glycans expressed on the surface of many types of cancer cells, including colorectal, pancreatic, gastric, breast, prostate, and lung cancer (2, 3) . These glycans play crucial roles in hematogenous metastasis through interaction with endothelial cells. The most established role is promoting extravasation of cancer cells: circulating cancer cells in blood flow arrest at distant sites by adhering to endothelial cells, which enables their movement out of the vasculature (2, 3) . Importantly, the interaction between sLe x/a and E-selectin exclusively mediates the adhesion of most epithelial cancer cells to endothelial cells, whereas sLe
x/a -independent interaction with endothelial ICAM-1 and VCAM-1 mediates the adhesion of nonepithelial malignant cells, such as leukemia and some sarcoma cells, to endothelial cells (4) . Another important role of sLe x/a in hematogenous metastasis is tumor angiogenesis (3, 5) , which can facilitate intravasation and postextravasational proliferation of cancer cells (6) (7) (8) . In line with these observations, high sLe x/a expression levels in colon cancer patients are correlated with poor prognosis (2) . Therefore, these glycans are frequently evaluated as tumor markers. Whereas the diagnostic utility of sLe x/a has been well established, therapeutic approaches targeting these glycans are not well developed, partly because molecular mechanisms of their expression have been only partially elucidated (9) (10) (11) .
Recently, epithelial-mesenchymal transition (EMT) has been noted as a critical event in the early step of cancer metastasis (12, 13) . It is also notable that EMT is known to be associated with cancer stem cells (14, 15) . EMT is defined as a transitional process from epithelial to mesenchymal phenotype, including fibroblast-like morphology, down-regulation of E-cadherin by transcriptional repressors such as SNAIL1, ZEB1, and TWIST, mesenchymal marker expression such as Vimentin, Fibronectin, and N-cadherin, and enhanced cell motility. A variety of EMT inducers have been reported, including TGF-β and receptor tyrosine kinase (RTK) growth factors such as hepatocyte growth factor (HGF), EGF, and basic FGF (bFGF). Although many studies have focused on TGF-β (16), the TGF-β signaling pathway is frequently inactivated in colon cancer due to loss-offunction mutations in TGFBR2 and SMAD genes (17) . Therefore, RTK growth factors are likely to figure more heavily than TGF-β in EMT of colon cancer cells. Several clinical studies have suggested the correlation between RTK signaling and metastasis. EGFR was expressed in ∼85% of patients with metastatic colon cancer (18) and its expression level and function in colon cancer cells were correlated with metastatic potential (19, 20) . Plasma bFGF levels were significantly higher in patients with metastatic colon cancer than in normal controls, whereas those levels were comparable between patients with nonmetastatic colon cancer and normal controls (21) . Sato et al. demonstrated by quantitative RT-PCR that the transcript levels of FGFR1 in colon cancer tissues were significantly higher in patients with liver metastasis than in those without liver metastasis (22) .
Despite the significant roles of sLe x/a and EMT in cancer metastasis, their association remains unknown. To address this issue, we assessed whether sLe x/a is highly expressed on cancer cells undergoing EMT.
Results
Induction of EMT in Colon Cancer Cells by EGF or bFGF. To prepare colon cancer cells undergoing EMT, we treated HT29 and DLD-1 cells with EGF (20 ng/mL) and/or bFGF (10 ng/mL) in serumdeprived medium. Treatment with either EGF or bFGF alone transiently induced a fibroblast-like appearance (Fig. 1A) ; however, it was very difficult to maintain the cells for further experiments. Treatment with both EGF and bFGF (hereafter EGF/bFGF treatment) permitted better cell survival and induced a fibroblast-like appearance (Fig. 1A) . The EGF/bFGF treatment increased the levels of the mesenchymal marker genes SNAIL1, ZEB1, and Vimentin, whereas it reduced the level of E-cadherin and the colon-epithelial differentiation marker genes MUC2 (mucin 2) and ALPI (intestinal alkaline phosphatase) (Fig. 1B) . Functionally, the treated cells showed significantly enhanced migration activity (P < 0.05; Fig. 1C ). These results indicated that the EGF/ bFGF treatment induced EMT in HT29 and DLD-1 cells.
Induction of sLe x/a Expression and E-Selectin Binding Activity in Colon
Cancer Cells by EGF or bFGF. We then evaluated sLe x/a expression levels on the cells undergoing EMT by flow cytometry. The results indicated significantly increased sLe x/a expression on the EGF/ bFGF-treated cells as well as on the cells treated with either factor alone compared with the untreated cells (P < 0.01; Fig. 1D ). To test whether the increased sLe x/a expression could contribute to the interaction with E-selectin, we examined binding activity of the treated cells to recombinant E-selectin. The cells exhibited significantly enhanced E-selectin binding activity (P < 0.000005), whereas no significant binding activity was detected for P-selectin (P > 0.05; Fig. 1E ), which selectively binds to sLe x determinants carried on Pselectin glycoprotein ligand 1 (PSGL-1), generally expressed on leukocytes (23) . Furthermore, the E-selectin binding activity was significantly inhibited by anti-sLe x antibody, anti-sLe a antibody, or EDTA (P < 0.000005; Fig. S1 ), indicating that recombinant Eselectin did bind to the cells through the interaction with sLe x/a . We previously demonstrated that sLe x/a expressed on cancer cells promote tumor angiogenesis through interacting with E-selectin on endothelial cells (5) . Because E-selectin is known to be induced by VEGF (24), we examined whether VEGF was secreted into the supernatant of the cells treated with EGF and/or bFGF. Results of ELISA indicated that the VEGF level was significantly increased by the treatment (P < 0.0001; Fig. 1F ). These results suggest that EGF and/or bFGF can strongly promote angiogenesis synergistically by inducing sLe x/a and E-selectin expression on colon cancer cells and endothelial cells, respectively.
Altered Expression of ST3GAL1/3/4, FUT3, and FUT2 Induced by EGF or bFGF. To address the molecular mechanism underlying the EMTassociated sLe
x/a expression, we focused on the glycosyltrans- (C-F) Statistic analysis was performed in three independent experiments by t test. Error bars, SD; asterisks, P < 0.05 (C), P < 0.01 (D), P < 0.000005 (E), and P < 0.0001 (F) compared with the untreated cells; NS, not significant (P > 0.05).
ferase genes. Sialyltransferases and fucosyltransferases are essential enzymes for the synthesis of sialic acid and fucose residues of sLe x/a , respectively. Screening of the genes involved in the sLe x/a synthesis by conventional RT-PCR using primers listed in Table S1 revealed that the levels of ST3GAL1/3/4 and FUT3/6 were increased, whereas that of FUT2 was decreased by the EGF/bFGF treatment of HT29 and DLD-1 cells (Fig. 2A) . Quantitation of the expression levels of these genes by real-time RT-PCR using the assays listed in Table S2 indicated that the EGF/bFGF treatment induced significant increases in the ST3GAL1/3/4 and FUT3 levels (P < 0.005; Fig. 2B ) and a significant decrease in the FUT2 level (P < 0.00005; Fig. 2C ). In addition, these alterations were also induced by treatment with EGF or bFGF alone (Fig. 2 B and C) . However, the FUT6 level was not significantly changed by any of the treatment (P > 0.05; Fig. 2B ). Therefore, we focused on ST3GAL1/3/4, FUT3, and FUT2 for further experiments. ST3GAL1/3/4 catalyze the addition of N-acetylneuraminic acid (NeuAc) to the nonreducing terminal galactose (Gal) residue of glycans, and FUT3 catalyzes addition of fucose (Fuc) to the N-acetylglucosamine (GlcNAc) residue (Fig. 2D) . Therefore, up-regulation of ST3GAL1/3/4 and FUT3 results in increased sLe x/a expression. In contrast, FUT2 catalyzes addition of Fuc to the nonreducing terminal Gal, competing with NeuAc addition by sialyltransferases (Fig. 2D) . Downregulation of FUT2 thus contributes to increased sLe x/a expression. As expected, quantitative analysis by flow cytometry indicated that EGF/bFGF treatment induced significantly higher increase in the levels of sLe x and sLe a compared with those of Le y and Le b , respectively (P < 0.01; Fig. S2 ).
Involvement of c-Myc in the Induction of ST3GAL1/3/4 and FUT3
Expression by EGF/bFGF. To explore the mechanism of the EGF/ bFGF-induced alteration in the glycogene transcription, we next searched for potential transcription factor binding sites in the 5′-regulatory regions of the glycogenes identified above and noticed potential c-Myc binding sites in the promoters of ST3GAL1/3/4 and FUT3 (Fig. S3 A-D) . ChIP assays using primers listed in Table S3 indicated increased recruitment of c-Myc to their promoters in the EGF/bFGF-treated cells (Fig. 3A) . To determine the role of c-Myc in the sLe x/a induction, we performed c-Myc knockdown experiments. Namely, we introduced a c-Myc shRNA-expressing vector into HT29 and DLD-1 cells (Fig. 3B) and treated the cells with EGF/bFGF. Knockdown of c-Myc significantly inhibited the maximal induction of ST3GAL1/3/4 and FUT3 expression (P < 0.05; Fig. 3C ). Consequently, the maximal sLe x/a induction was also inhibited (P < 0.0005; Fig. 3D ). These results suggested a pivotal role of c-Myc in the sLe x/a induction through the transcriptional regulation of ST3GAL1/3/4 and FUT3 under the EGF/bFGF treatment. To gain insights into the molecular mechanism by which the EGF/bFGF treatment induced the glycogenes through c-Myc, we performed Western blot analysis. Unexpectedly, the level of total c-Myc was reduced by the treatment in HT29 cells (Fig. 3E ) likely caused by a decrease in the transcript level (Fig. 3F) . However, the level of phospho-c-Myc Ser62/Thr58 was strongly enhanced by the treatment both in HT29 and DLD-1 cells (Fig.  3E) . It is known that a priming phosphorylation of c-Myc at Ser62 can be followed by phosphorylation at Thr58 by GSK3β (25) . Because Western blotting revealed a decrease in the level of total GSK3β and an increase in that of phospho-GSK3β
Ser9 , the inactivated form of GSK3β (Fig. S4) , the increase in the phospho-c-Myc Ser62/Thr58 level most likely reflects the hyperphosphorylation of the Ser62 site, which has been implicated in the enhanced recruitment of c-Myc to the promoter of its target genes as well as in the enhanced transcriptional activity of c-Myc (26, 27) .
Involvement of CDX2 in the EGF/bFGF-Induced Transcriptional
Suppression of FUT2. We next examined the mechanism of the EGF/bFGF-induced transcriptional suppression of FUT2. We noticed potential binding sites for CDX1 and CDX2, transcription factors known to regulate several colon-specific genes (28) (29) (30) (31) , in the 5′-regulatory region of FUT2 (Fig. S3E) . Both HT29 and DLD-1 cells showed good levels of CDX2 expression, which were significantly reduced by EGF/bFGF treatment (P < 0.000001; Fig. 4A ). ChIP assays revealed that binding of CDX2 to the FUT2 promoter was abolished by the treatment (Fig. 4B) . On the other hand, SNAIL1 and ZEB1, EMT-related transcriptional repressors, were not recruited to the promoter (Fig.  4B) . To determine the role of CDX2 in the transcriptional regulation of FUT2, we introduced a CDX2 expression vector into HT29 and DLD-1 cells. The cells exhibited significantly elevated FUT2 expression compared with the mock vector-transfected cells (P < 0.0005; Fig. 4C ). In contrast, HT29 and DLD-1 cells introduced with CDX2 shRNA showed significantly reduced level of FUT2 (P < 0.0005; Fig. 4D ). Furthermore, forced expression of CDX2 elevated Le y/b expression and suppressed sLe x/a expression in HT29 and DLD-1 cells (Fig. 4E) . These results suggest that the EGF/bFGF-induced down-regulation of CDX2 contributes to the sLe x/a induction via suppression of FUT2 transcription.
E-Selectin Ligand Glycan Expression on Colon Cancer Cells Undergoing
EMT in Vivo. Finally, we examined association between E-selectin ligand glycan expression and EMT in clinial samples by immunohistochemical analysis. We focused on sLe a in this experiment, because this glycan is preferentially expressed on cancer cells, whereas sLe
x is broadly expressed on various normal cells including leukocytes and might complicate the results. We performed double staining with antibodies against sLe a and E-cadherin on sections from five colorectal cancer patients. In one section from a 70-y-old male patient with colon cancer, we identified a small area of cancer cells that lacked cell-surface E-cadherin expression at the invasion front (Fig. 5A ). Most interestingly, these cancer cells exhibited high sLe a expression, whereas cancer cells with cell-surface E-cadherin exhibited no sLe a expression (Fig. 5A) . Furthermore, double staining with antibodies against SNAIL1 and sLe a identified a subset of cancer cells that coexpressed nuclear SNAIL1 and a high level of sLe a (Fig. 5B) . Similar results were obtained by double staining with antibodies against ZEB1 and sLe a (Fig. 5B) . These results supported the coincidence of E-selectin ligand expression and EMT observed in vitro.
Discussion
The major findings of this study are as follows: (i) sLe x/a expression is strongly induced during EMT of colon cancer cells triggered by EGF or bFGF, and (ii) c-Myc and CDX2 play key roles in the sLe x/a induction by EGF or bFGF. Our present results demonstrate that c-Myc contributes to sLe x/a expression by transcriptional induction of ST3GAL1/3/4 and FUT3 in the EGF/bFGF-treated cells. Although the detailed mechanism of this glycogene induction by c-Myc remains unclear, we speculate the possible involvement of Ser62 phosphorylation of c-Myc as described above (Fig. 3E) . Ser62 of c-Myc is known to be phosphorylated by ERK or cyclin-dependent kinase (CDK) 2 (25) (26) (27) . The kinase that contributed to this phosphorylation in the EGF/bFGF-treated cells remains to be identified.
In this study, we demonstrated that the transcription of CDX2 was down-regulated by the EGF/bFGF treatment, which resulted in a decrease in the transcript level of FUT2. Although the mechanism underlying the down-regulation of CDX2 by the treatment remains unknown, SNAIL1 may be involved because transcription of CDX2 is known to be repressed by SNAIL1 (32) , and SNAIL1 expression was increased by EGF/bFGF (Fig. 1B) . Although several lines of evidence indicate that CDX2 is a tumor suppressor (33) , the association between CDX2 and metastasis has been unclear. Clinically, Baba et al. reported that the loss of CDX2 expression in colon cancer tissues was significantly correlated with stage IV disease (34) . Our present findings may explain at least a part of the mechanisms by which the loss of CDX2 contributes to metastasis. We previously reported that hypoxia induced sLe x/a expression in colon cancer cells (9) . In that report, we documented that the transcription of ST3GAL1, FUT7, and UGT1 (UDP-galactose transporter 1), which are all involved in the E-selectin ligand glycan synthesis, was elevated under a hypoxic condition. Hypoxia-inducible factor-1α (HIF-1α) was involved in the induction of these glycogenes. The present study provides additional information on the transcriptional regulation of the sLe x/a synthesisrelated glycogenes.
Recently, Guan et al. reported a significant association between glycans and EMT, demonstrating that the expression levels of GM2 and Gg4 glycosphingolipids were significantly decreased during TGF-β-induced EMT and that the glucosylceramide synthase inhibitor EtDO-P4 induced EMT (35) . From their subsequent observations demonstrating that exogenous addition of Gg4 abrogated the EMT process and that Gg4 was closely associated with E-cadherin and β-catenin, they proposed that Gg4 may be important in maintaining epithelial cell membrane organization (36) . Together with these reports, our present study demonstrates a drastic alteration in the glycan expression during the EMT process. It remains an interesting issue whether the alteration in sLe x/a expression further promotes the EMT process as the alteration in the Gg4 expression did.
We demonstrated that sLe a was preferentially expressed on the cancer cells with low expression of membranous E-cadherin, nuclear SNAIL1, and nuclear ZEB1 in a clinical sample of colon cancer. These results are consistent with the coincidence of sLe x/a expression and EMT observed in vitro and suggest that these glycans may serve as a good marker of EMT in cancer patients. Our results indicate that RTK signaling activation confers both EMT and sLe x/a expression on cancer cells. As RTK signaling pathways provide effective therapeutic targets, these glycans may serve as surrogate markers for evaluating therapeutic effects of such modalities.
Materials and Methods
Additional information can be found in SI Materials and Methods.
Human colon cancer cell lines, HT29 and DLD-1, were maintained in DMEM and RPMI1640 medium (Invitrogen), respectively, supplemented with 10% (vol/vol) FBS. For treatment with EGF and/or bFGF, recombinant human EGF (Sigma; 20 ng/mL) and/or recombinant human bFGF (Sigma; 10 ng/mL) were added to the serum-free medium with recombinant human insulin (Sigma; 25 μg/mL), human holo-transferrin (Sigma; 100 μg/mL), putrescine dihydrochloride (Sigma; 10 μg/mL), and sodium selenite (Sigma; 5 ng/mL). 
